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SUMMARY 

Tes t s  were conducted on Gallium Arsenide samples which v a r i e d  i n  

r e s i s t i v i t y  due t o  doping. The most r e s i s t i v e  sample ( i n  t h e  range  of 

50 megohms) showed no response  due t o  sound inpu t .  The most e f f i c i e n t  

c e l l  t e s t e d  showed approximately lOOmv ou tpu t  under normal l i g h t  i n t e n s i t y .  

The response  t o  sound was r e l a t i v e l y  h i g h  b u t  was n o t  dependent on t h e  

samples'  exposure t o  l i g h t .  

S i l i c o n  s o l a r  c e l l s  were found t o  b e  t o t a l l y  unresponsive t o  sound 

i n p u t ,  w i t h  o r  wi thout  l i g h t  exposure. 

Seve ra l  p h o t o r e s i s t i v e  dev ices  were t e s t e d  b u t  t h e r e  was no ind ica -  

t i o n  of d i r e c t  i n t e r a c t i o n  of l i g h t ,  sound and e l e c t r o n  motion. 



THE EFFECT OF AbS ACOUSTIC WAVE ON THE PHOTO-VOLTAIC PROCESS 

M, W ,  Wa".S?cox and % ,  R ,  Larch 

INTRODUCTION 

This  r e sea rch  is poin ted  toward the  use  of a c o u s t i c  f i e l d s  t o  enhance 

t h e  e f f i c i e n c y  of s o l a r  c e l l s .  Through t h e  understanding of t h e  pho tovo l t a i c  

and t h e  a c o u s t o e l e c t r i c  e f f e c t s  one i s  i n  a  b e t t e r  p o s i t i o n  t o  a t t a c k  the  

problem of t h e  a p p l i c a t i o n  of a c o u s t i c  waves t o  bodies  which a r e ,  s imul taneous ly ,  

sub jec t ed  t o  t h e  pho tovo l t a i c  and a c o u s t o e l e c t r i c  e f f e c t s .  The concern i n  t h i s  

i n v e s t i g a t i o n  i s  t h e r e f o r e  w i th  t h e  phonon-photon-electron i n t e r a c t i o n ,  and t h e  

e f f e c t  of t h i s  i n t e r a c t i o n  on s o l a r  c e l l  o p e r a t i o n ,  

The photo-conversion dev ice  t h a t  has  a t t a i n e d  t h e  h i g h e s t  e f f i c i e n c y  i n  

p r a c t i c e ,  is  t h e  s i l i c o n  (p-n) j u n c t i o n .  (1)  (2)*. This  type junc t ion  i s  now 

desc r ibed  because i t  is  t h i s  type  which i s  used i n  t h e  p r e s e n t  s tudy .  

THE P-N JUNCTION 

Consider t h e  diagram shown below which is  a  schematic  f o r  a  (p-n) j u n c t i o n ,  

. p-type r eg ion  n-type r eg ion  

Fig, 1. (p-n) Schematic 

One po r t ion  of t h e  m a t e r i a l  is  made P - type  by the  i nco rpora t ion  af s u i t a b l e  

acceptors imperfections, and another p o r t i o n  of t h e  same material i s  made n - t y p e .  

*%he s u p e r s c r i p t s  r e f e r  t o  the  r e f e r e n c e s ,  appearing a t  t he  end of t h i s  r e p o r t ,  

-1- 



By the i n c o r p o r a t i o n  of s u i t a b l e  donor imper fec t ions ,  a b a r r i e r ,  c a l l e d  a p-n 

j unc t ion ,  e x i s t s  a t  the  po in t  of t r a n s i t i o n  from t h e  g-type p o r t i o n  t o  t h e  w-type 

p o r t i o n .  Bow t h i s  b a r r i e r  a r i s e s  can be  v i s u a l i z e d  by cons ider ing  t h e  p-type 

p o r t i o n  and t h e  n-type p o r t i o n  a s  o r i g i n a l l y  s epa ra t ed  i n  space ,  and then  brought  

t o g e t h e r .  When c o n t a c t  between the  two p o r t i o n s  a r e  made, e l e c t r o n s  f low from the  

n-type p o r t i o n  i n t o  t h e  p-type p o r t i o n ,  and h o l e s  from t h e  p-type p o r t i o n  i n t o  

t h e  n-type p o r t i o n  because of t h e  concen t r a t ion  g r a d i e n t s  e x i s t i n g .  The f low 

c o n t i n u e s ,  thereby  b u i l d i n g  up a  p o s i t i v e  charge on t h e  n-type s i d e  of t h e  junc t ion  

and n e g a t i v e  charge on t h e  p-type s i d e  of t h e  j u n c t i o n ,  u n t i l  t he  d i f f u s i o n  flow 

caused by t h e  concen t r a t ion  g r a d i e n t s  i s  counterbalanced by the  f low i n  t h e  r eve r se  

d i r e c t i o n  caused by t h e  e l e c t r i c  f i e l d  s e t  up a t  t h e  junc t ion .  A c o n t a c t  p o t e n t i a l  

d i f f e r e n c e ,  having  an  energy A5 develops a c r o s s  t h e  junc t ion  of such a magnitude a s  t o  

j u s t  oppose t h e  f u r t h e r  flow of e l e c t r o n s  and ho le s  due t o  t h e  c o n c e n t r a t i o n  

g r a d i e n t .  (3) The r eg ion  a d j a c e n t  t o  t h e  j u n c t i o n  i s  s a i d  t o  con ta in  a space  charge 

and i s  sometimes r e f e r r e d  t o  a s  a  t r a n s i t i o n  r eg ion .  The e x t e n t  of t h i s  r e g i o n  

around t h e  j u n c t i o n  is  t o  cm wide. 

P-type n-type 

F ig .  2, E q u i l i b r i u m  Condit ion about t h e  T r a n s i t i o n  Region 
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E 

FERMI Level  

F ig ,  3 .  p-n J u n c t i o n  Schematic Showing t h e  Energy 
Band Scheme 

The energy-level  diagram corresponding t o  t h e  equ i l i b r ium c o n d i t i o n  of F ig .  

2 i s  shown i n  F ig .  3 .  

It  should b e  noted t h a t  t h e  c o n t a c t  p o t e n t i a l  a c r o s s  t h e  junc t ion  cannot be 

used t o  d e l i v e r  l o a d .  This  cond i t i on  is  analogous t o  two con ta ine r s  f i l l e d  wi th  

l i q u i d  connected by a  p i p e  i n  which t h e  l i q u i d  seeks  t h e  same l e v e l  i n  both 

c o n t a i n e r s  a s  long  a s  noth ing  d i s t r u b s  t h e  system; t h i s  i s  s t a t e d  formal ly  a s :  

" In  a System i n  thermal  equ i l i b r ium t h e  FERMI-level energy is  cons t an t  through- 

out  t h e  e n t i r e  system". F igs .  2 and 3 d e p i c t ,  s chema t i ca l ly ,  t he  s t a t emen t s  

immediately above. 

THE RESPONSE OF A (p-n) JUNCTION TO PHOTON INPUT 

A s  s t a t e d  p rev ious ly ,  t h i s  r e sea rch  i s  concerned w i t h  t h e  e f f e c t  of a c o u s t i c  

waves on t h e  e f f i c i e n c y  of s o l a r  c e l l s ,  P r i o r  t o  t h e  i n v e s t i g a t i o n  of t h i s  e f f e c t ,  

however, i t  is  w e l l  t o  review t h e  photo-vol ta ic  concept .  

The photo-vol ta ic  e f f e c t  i s  not  a  new d i scove ry ,  of course .  Edmund Becquerel 

no ted ,  a s  e a r l y  a s  1839, t h a t  a v o l t a g e  was developed when l i g h t  was d i r e c t e d  onto 

owe sf t h e  e l e c t r o d e s  i n  an e l e c t r o l y t e  solution, This e f f e c t  was f i r s t  noted, 

with  r e spec t  t o  s o l i d  m a t t e r ,  somewhat l a t e r  1877 by W ,  6 ,  Adams and R .  E .  Day who 

t a r r i e d  out  exper imenta l  work on Selenium. Other e a r l y  r e s e a r c h e r s  such a s  



Schot tky ,  Lange and Grondahl, d id  p ioneer ing  work i n  producing pho tovo l t a i c  c e l l s  

wi th  Selenium and cuperous oxide .  It was t o  be  more than  t h r e e  q u a r t e r s  of a  

century  a f t e r  t h e  pho tovo l t a i c  e f f e c t  was f i r s t  noted on s o l i d s  t h a t  r e s e a r c h e r s  

turned t o  t h e  problem of u t i l i z i n g  t h i s  e f f e c t  a s  a  source  of power. I n  1954 

s e v e r a l  groups inc lud ing  r e s e a r c h e r s  a t  t h e  RCA and B e l l  Labora to r i e s  achieved 

conversion e f f i c i e n c i e s  of about  6% by means of (p-n) j unc t ion .  Cadmium s u l f i d e  

and s i l i c o n  junc t ions  (p-n) j unc t ions  were t h e  m a t e r i a l s  used i n  t h e s e  e a r l y  

dev ices .  L a t e r  workers have achieved e f f i c i e n c i e s  near  15% by us ing  improved 

s i l i c o n  j u n c t i o n s .  

The pho tovo l t a i c  a c t i o n  conve r t s  e l ec t romagne t i c  r a d i a t i o n  d i r e c t l y  t o  

e l e c t r i c a l  power. By e l i m i n a t i n g  t h e  i n t e r m e d i a t e  s t e p  of conversion t o  h e a t ,  we 

bypass t h e  ca rno t  l i m i t a t i o n  on e f f i c i e n c y  of h e a t  engines .  

. The product ion  of e l e c t r i c a l  power by e l e c t r o ~ ~ a g n e t i c  r a d i a t i o n  can  be  c a r r i e d  

ou t  by exposing a  (p-m) junc t ion  t o  e l ec t romagne t i c  r a d i a t i o n  of v a r i o u s  t y p e s ,  We 

a r e  concerned, i n  t h i s  r e s e a r c h ,  w i th  exposing t h e  device  t o  s u n l i g h t ,  whose 

wavelength i s  i n  t h e  range of 5,000 1. Hence, t h e  (p-n) j unc t ion  i s ,  i n  t h i s  

ca se ,  c l a s s i f i e d  a s  a  pho tovo l t a i c  conve r t e r .  

THE MECHANICS OF A (p-n) JUNCTION 

Consider aga in  t h e  mechanism by which a  (p-n) j u n c t i o n  conver t s  l i g h t  t o  

e l e c t r i c a l  power d e l i v e r e d  t o  a n  e x t e r n a l  l oad .  When the  junc t ion  r e g i o n  i s  

i l l umina ted  wi th  l i g h t  of s u f f i c i e n t l y  e n e r g e t i c  photons t o  e x c i t e  an e l e c t r o n  from 

the  va lence  band s t a t e  t o  t h e  conduction band s t a t e ,  t he  r e s u l t i n g  f r e e  e l e c t r o n  

and h o l e  move i n  response t o  t h e  b u i l t - i n  e l e c t r i c  f i e l d  that the  j unc t ion  posses ses .  

We may v i s u a l i z e  t h i s  process as follows: 



Excitation of Electron 
from valence band stake Free elec - - -- 

Photons to the c o n d u c t i o n  band hole 
o f  - 

I Acts t o  produce E , and a c t s  
t o  charge t h e  regfon  a s  shown. I 

When t h e  p- and n- t ype  s i d e s  a r e  
connected through an  e x t e r n a l  l o a d ,  
a  p o r t i o n  of I w i l l  f low i n  i t ,  s o  

g  
t h a t  t h e  junc t ion  a c t s  a s  a  conve r t e r  
of l i g h t  t o  e l e c t r i c a l  energy. 

\ = Impedance of load  

IL = c u r r e n t  through t h e  load  

I = l i g h t  produced s h o r t  c i r c u i t  
s c u r r e n t  

V = v o l t a g e  a c r o s s  t h e  j u n c t i o n  

R = j u n c t i o n  impedance 
v j 

Fig .  4. Mechanics of a  (g-n) j unc t ion .  

The equ iva l en t  c i r c u i t  f o r  t h e  system shown above is  a s  fo l lows :  ( 4 )  

Fig ,  5. S impl i f i ed  Equiva len t  C i r c u i t  f o r  an  
I l l umina ted  p-n Junc t ion  pho tovo l t a i c  c e l l  



I& is to be no ted  t h a t  IS is t h e  pboeocurrenrt t h a t  i s  produced by 

i l l u m i n a t i o n  of a semiconductor whfch is  an  i n s u l a t o r  i n  t he  da rk ,  Th i s  c u r r e n t  

may be expressed a s  a  f u n c t i o n  of t h e  fo l lowing  v a r i a b l e s :  

( a )  F ' ,  t he  t o t a l  number of e l e c t r o n s  and ho le s  produced each second by 

t h e  absorbed photons 

(b) t h e  e f f e c t i v e  l i f e t i m e ,  T& 

( c )  t h e  t r a n s i t  t ime,  Tr 

The v a l u e  of Is i s  expressed a s  

' * T  I s =  ~ F T / ~  

i n  which e  i s  t h e  e l e c t r o n i c  charge  i n  coulombs. 

The t r a n s i t  t ime,  Tr, i s  t h e  t ime spent  by an  e l e c t r o n  i n  moving between 

two e l e c t r o d e s  connected t o  t h e  semiconductor.  It may be determined from t h e  

e l e c t r o d e  spac ing  and t h e  mean d r i f t  v e l o c i t y  of t h e  e l e c t r o n  t o  be  

i n  which u = means d r i f t  v e l o c i t y  

p = d r i f t  m o b i l i t y  

E = Applied e l e c t r i c  f i e l d  

now E = - V i n  which V = Applied v o l t a g e  and L = i n t e r e l e c t r o d e  spac ing .  We thus  
L 

have, 

The l a r g e r  t h e  e f f e c t i v e  l i f e t i m e  T* t h e  g r e a t e r  w i l l  be t h e  pho tocu r ren t  

I . I f  we imagine t h a t  t h e  l i f e t i m e  of an e l e c t r o n  is  g r e a t e r  than  t h e  l i f e t i m e  
S 

of a  h o l e ,  t h i s  means t h a t  h o l e s  a r e  t rapped qu ick ly  i n  recombination cen te r s+  

wh i l e  t h e  f r e e  e l e c t r o n  e x i s t s  long  enough t o  be  swept ou t  of t h e  c r y s t a l  by t h e  

app l i ed  f i e l d .  Since charge n e u t r a l i t y  must be preserved ,  t h e  nega t ive  e l e c t r o d e  

e j e c t s  ano the r  e l e c t r o n  u n t i l  t h e  f r e e  e l e c t r o n  can recombine t o  be made a v a i l a b l e  

for c o n d u c t i o n ,  This apparent ga in  i s  denoted by a g a i n  f a c t o r  which i s  a d i r e c t  

index to t he  e f f i c i e n c y  of a photoconductor ,  as can be seen from its e f f e c t  on I s ' 

+See Ref ,  I, f o o t n o t e ,  p .  99 
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I t  can be s e e n  t h a t  t h e  d i s c u s s i o n  of 1 i n  the s e n s e  j u s t  d e s c r i b e d  i s  
S 

on a m i c r o s c o p i c  s c a l e  whereas  t h e  d e s c r i p t i o n  of t h e  mechan ics  s f  a  (p-n) j u n c t i o n  

a s  desc r ibed  i n  F igs .  4 and 5 is  on a  macroscopic b a s i s .  The c u r r e n t  Is, shown 

i n  F ig .  4 ,  i s  t o  b e  considered now i n  t h e  macroscopic s ense  and can be  thought  of 

a s  be ing  produced by a  cons t an t  c u r r e n t  gene ra to r ,  d e l i v e r i n g  t h e  c u r r e n t  I i n t o  
S 

network of impendances. A s i m p l i f i e d  equ iva l en t  c i r c u i t  i n  t h e  macroscopic s ense  

is  shown i n  Fig.  5 .  

THE ACOUSTOELECTRIC EFFECT 

When a  sound wave propagates  through a  m a t e r i a l  con ta in ing  conduct ing e l e c t r o n s ,  

i t s  momentum, a s  w e l l  a s  i t s  energy,  i s  a t t e n u a t e d  by t h e  e l e c t r o n s .  c 5 )  The 

momentum a t t e n u a t i o n  a c t s  a s  a  dc f o r c e  caus ing  t h e  e l e c t r o n s  t o  d r i f t  i n  the  

d i r e c t i o n  of  t h e  f o r c e .  I f  t h e r e  i s  a  c l o s e d  c i r c u i t  i n  t h i s  d i r e c t i o n ,  a  d i r e c t  

c u r r e n t  w i l l  be  produced. Th i s  i s  t h e  a c o u s t o e l e c t r i c  c u r r e n t ;  i t  is p ropor t iona l  

t o  t h e  sound i n t e n s i t y ,  s i n c e  t h e  momentum i t s e l f  is  p r o p o r t i o n a l  t o  t h e  sound 

i n t e n s i t y .  I f ,  on t h e  o t h e r  hand, t h e  c i r c u i t  i s  open, t h e  d r i f t i n g  e l e c t r o n s  

produce a  space charge whose e l e c t r i c  f i e l d  cance l s  t h e  dc f o r c e  due t o  t he  sound 

wave momentum a t t e n u a t i o n .  This  back EMF i s  t h e  a c o u s t o e l e c t r i c  f i e l d .  

The acous toePec t r i c  e f f e c t  was f i r s t  p r e d i c t e d  by Parmenter.  ( 6 )  H i s  expla-  

n a t i o n  concerning t h e  p h y s i c a l  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h i s  e f f e c t  were 

q u a l i t a t i v e  i n  n a t u r e  b u t  q u i t e  l o g i c a l  i n  con ten t .  On t h e  b a s i s  of Pa rmen te r s s  

r ea son ing ,  we cons ider  t h e  e f f e c t  on conduct ion e l e c t r o n s  of a  c r y s t a l  r e s u l t i n g  

from a s i n g l e  t r a v e l l i n g  l o n g i t u d i n a l  a c o u s t i c  wave i n  a  c r y s t a l .  Consider this 

t r a v e l k i n g  a c o u s t i c  wave t o  b e  s i n u s o i d a l  i n  n a t u r e  (which w i l l  b e  t h e  c a s e  f o r  

smabb  a m p l i t u d e  a c o u s t i c  waves ) ,  This wave g ives  r i s e  t o  a s i n u s o i d a l  e l e c t r i c  



f i e l d  which t r a v e l s  through t h e  c r y s t a l  wi th  the  same v e l o c i t y  a s  t h a t  of the  

a c o u s t i c  wave, Consider now conduct ion e l e c t r o n s  which are conta ined  i n  t h e  

c r y s t a l ,  and undergoing c e r t a i n  motions.  Some of t h e s e  e l e c t r o n s  w i l l  b e  t r a v e l -  

l i n g  such t h a t  they w i l l  have components of v e l o c i t y  t h a t  a r e  p a r a l l e l  t o  t h e  

a c o u s t i c  wave t r a v e l .  For most of t hese  conduct ion e l e c t r o n s ,  t h i s  component of 

v e l o c i t y  w i l l  b e  much l a r g e r  than  t h e  a c o u s t i c  wave speed so  t h a t  t h e s e  e l e c t r o n s  

a r e  "out of phase'' w i th  r e s p e c t  t o  t h e  t r a v e l l i n g  e l e c t r i c  f i e l d .  Thus, t h e  time 

average of t h i s  f i e l d  over  t h e i r  t r a j e c t o r i e s  i s  zero and t h e s e  e l e c t r o n s  a r e  

e s s e n t i a l l y  unaf fec ted  by t h e  presence  of t h e  a c o u s t i c  wave. There a r e  a  few 

e l e c t r o n s ,  however, having components of v e l o c i t y  p a r a l l e l  t o  t h e  a c o u s t i c  wave 

which a r e  comparable t o  t h e  speed of t h e  wave. These e l e c t r o n s  a r e  capable  of 

being t rapped  by t h e  moving e l e c t r i c  f i e l d  so  t h a t  t h i s  time-averaged v e l o c i t y  i n  

t h e  d i r e c t i o n  of t he  f i e l d  is  e x a c t l y  t h a t  of t h e  f i e l d .  Among t h e s e  e l e c t r o n s ,  

those  having  a  maximum energy w i l l  b e  found t o  g ive  rise t o  a  n e t  e l e c t r i c  c u r r e n t ,  

I n  a  m e t a l ,  t h e s e  e l e c t r o n s  a r e  a t  t h e  'Fermi-level.  I n  an  n-type semiconductor ,  

t h e s e  e l e c t r o n s  a r e  i n  t h e  conduct ion band. Such a  gene ra t ion  of a n  e l e c t r i c  

c u r r e n t  by a  t r a v e l l i n g  a c o u s t i c  wave may be  c a l l e d  t h e  a c o u s t o e l e c t r i c  e f f e c t .  

A s  po in ted  ou t  by Parmenter ,  i t  i s  i n t e r e s t i n g  t h a t  t h e  q u a l i t a t i v e  exp lana t ion  

of t h i s  e f f e c t  which has  j u s t  been g iven  is  analogous t o  t h e  q u a l i t a t i v e  exp lana t ion  

of t h e  o p e r a t i o n  of a  l i n e a r  a c c e l e r a t o r .  (') A f u r t h e r  phys i ca l  i n t e r p r e t a t i o n  

of t h e  a c o u s t o e l e c t r i c  e f f e c t  may be obta ined  by viewing t h e  ske t ch  shown below: 

E lec t ron  V e l o c i t i e s  Acous t ic  Wave Veloc i ty  

F i g .  6 .  some components of e l e c t r o n  v e l o c i t i e s  are  equa l  t o  t l ~ e  wave 
v e l o c i t y .  These components amplify t h e  a c o u s t i c  e f f e c t s ,  



mTHODS OF O B T A I N I N G  THE AGOUSTOELECTRIC EFFECT ---- . 

There  a r e  two means o f  o b t a i n i n g  t h e  e f f e c t  d e s c r i b e d  above ,  These  a r e  

(1) t h e  p e r t u r b a t i o n  p o t e n t i a l  o r  de fo rma t ion  p o t e n t i a l  method and (2 )  t h e  

p i e z o e l e c t r i c  method, Both of t h e s e  means are d e s c r i b e d  q u a l i t a t i v e l y  by t h e  

s e c t i o n  on THE ACOUSTOELECTRIC EFFECT immediately preceeding t h i s  s e c t i o n .  

Each of t hese  s p e c i f i c  i d e a s  w i l l  now be examined i n  more d e t a i l  and d iscussed  

r e l a t i v e  t o  t h e i r  a n a l y t i c a l  and exper imenta l  t r ea tmen t .  

I 

DEFORMATION POTENTIAL METHOD* 

For a cubic  c r y s t a l  such a s  s i l i c o n ,  diamond, o r  germanium, s u b j e c t  t o  a  

homogeneous s t r a i n ,  Ei j  ( s a y ) ,  t h e  l i n e a r  s h i f t  i n  energy band w i t h  s t r a i n  may 

be expressed i n  t h e  form(8) 

E = E + CB.  .&.  . = Eo + ElA 
0 1 J  1 J  

where, 

A = E l  1 f €22 + & 3 3  i s  t h e  d i l a t a t i o n .  The term Eo i s  t h e  c o r r e c t  p o t e n t i a l  

i n  t h e  absence of t h e  a c o u s t i c  wave and E ~ A  r e s u l t s  from t h e  changes i n  

i n t e r a t o m i c  spac ing  s e t  up by t h e  a c o u s t i c  wave. S h i f t s  i n  t h e  energy l e v e l s  

corresponding t o  t h e  top  of t h e  f i l l e d  band, E f ,  and the  bottom of t h e  conduct ion 

band, Ec, produced by a  p e r i o d i c  d i l a t a t i o n  of a  l a t t i c e  wave a r e  shown. 

s chemat i ca l ly  below. A s  i l l u s t r a t e d ,  t h e  bands may s h i f t  i n  o p p o s i t e  d i r e c t i o n s .  

I n  a  c r y s t a l  wi th  t h e  diamond s t r u c t u r e  (such a s  s i l i c o n ,  f o r  i n s t a n c e )  t h e  energy 

gap, Eg, decreases  w i th  p o s i t i v e  d i l a t a t i o n ;  i n  o t h e r s  such a s  Te,  t h e  s h i f t  is 

i n  t h e  oppos i t e  d i r e c t i o n .  

*A d e t a i l e d  comparison of d e f o r m a t i o n - p o t e n t i a l  and p i e z o e l e c t r i c  coup l i ng  

i s  g iven  by Me~ksching(9)~ 



Fig.  7 .  S h i f t  of Energy Bands w i t h  Varying D i l a t a t i o n  

Parmenter (6) makes u s e  of t h e  i d e a  d i scussed  above. S t a r t i n g  w i t h  t h e  

p o t e n t i a l  a c t i n g  on an  e l e c t r o n  i n  t h e  uns t r a ined  c r y s t a l ,  he exp res ses  t he  

e f f e c t  of t h e  d i l a t a t i o n  on a  g iven  p o r t i o n  of t h e  band by adding t o  t h e  

o r i g i n a l  p o t e n t i a l  a  cons t an t  p e r t u r b a t i v e  p o t e n t i a l  equal  t o  t h e  s h i f t  i n  energy 

s f  t h a t  p o r t i o n  of t h e  band. Th i s  p e r t u r b a t i v e  p o t e n t i a l  is c a l l e d  t h e  defor -  

mation p o t e n t i a l .  This  b a s i c  i dea  i s  due t o  Shockley and Bardeen. (8) The 

assumption i s  then  made t h a t  such a  procedure i s  a l s o  v a l i d  f o r  non-uniform 

d i l a t a t i o n s  of t h e  c r y s t a l ,  whereupon a  non-uniform deformation p o t e n t i a l  is  

r e q u i r e d .  Th i s  assumption seems p l a u s i b l e  provided t h a t  t h e  d i l a t a t i o n  v a r i e s  

ve ry  slowly wi th  p o s i t i o n  (on t h e  atomic s c a l e )  i . e .  t he  d i l a t a t i o n  r e s u l t s  

from a long wavelength a c o u s t i c  wave. The deformation p o t e n t i a l  is  taken  t o  

be p r o p o r t i o n a l  t o  t h e  d i l a t a t i o n .  Thus, i f  t he  a c o u s t i c  wave is  r e p r e s e n t e d  

- - 
s = s s i n  G(r - c t ) .  

Then the  deformation p o t e n t i a l  i s  g iven  by 

i n  which 
- 
s = displacement  v e c t o r  

- 
S = a m p l i t u d e  v e c t o r  

- 
Cr = a c o u s t i c  wave v e c t o r  

- 
c  = wave v e l o c i t y  

A'  = an assumed c o n s t a n t  of  p r o p o r t i o n a l i t y  



According t o  Farmenter, t h e  one electron approximation u s i n g  Sehrzdknger's 

equa t ion  by making use  of t he  deformation p o t e n t i a l  mentioned p r e v i o u s l y ,  may 

then be  so lved .  

COMPARISON OF PIEZOELECTRIC AND DEFORMATION POTENTIAL COUPLING (10) 

The b a s i c  p rope r ty  of a  p i e z o e l e c t r i c  c r y s t a l  i s  t h a t  a  mechanical s t r a i n  

produces a n  e l e c t r i c  f i e l d  which is  p r o p o r t i o n a l  t o  the  s t r a i n .  I n  a  non- 

p i e z o e l e c t r i c  c r y s t a l ,  a  deformation of t he  l a t t i c e  s t r u c t u r e  produces a  change 

i n  t h e  p o t e n t i a l  energy of a  conduct ion e l e c t r o n  which is  p ropor t iona l  t o  t h e  

s t r a i n .  Th i s  l a t t e r  p e r t u r b a t i o n  caused by a  deformation of t he  l a t t i c e  s t r u c t u r e  

i s  known a s  t h e  deformation p o t e n t i a l .  It can be w r i t t e n  a s  (11) 

ud " c d s  

i n  which, e v i d e n t l y  S r e p r e s e n t s  p l an  s t r a i n  and Cd is  a  deformation coupl ing  

cons t an t .  

The magnitude of t h e  e l e c t r i c  f i e l d  produced i n  a  p i e z o e l e c t r i c  i n s u l a t o r  

by a  s t r a i n  S is  given by 
e 

E =  - S  
5 

I f  S  i s  t h e  r e s u l t  of a n  a c o u s t i c  wave, t h i s  f i e l d  corresponds t o  a  change i n  

t h e  p o t e n t i a l  energy of an  e l e c t r o n  which i s  given by 

i n  which, e v i d e n t l y  
e  = p i e z o e l e c t r i c  c o n s t a n t  

q = e l e c t r o n i c  charge 

5 = d i e l e c t r i c  cons t an t  

ks= 2nlX . . 
= a c o u s t i c  wavelength 

The cons t an t  6 i s  r e f e r r e d  t o  as t h e  electron-phonon coupl ing  c o n s t a n t ,  
I' 

According to J, M ,  MeFec '10'9 a measure of r e l s i i v e  s t r e r ig t l l  of the e f f e c t s  oil 



t h e  t r ansmis s ion  and amplification of acous t i c  waves d u e  t o  t h e  deformation 

p o t e n t i a l  c o u p l i n g  and t h o s e  due  t o  p i e z o e l e c t r i c  c o u p l i n g  i s  g i v e n  by t h e  r a t i o  

The s i g n i f i c a n c e  of l e a v i n g  t h e  terms squared i n  t h e  above r a t i o  i s  t h a t  t h e  

a c o u s t i c  a t t e n u a t i o n  i s  p r o p o r t i o n a l  t o  t h e  squa re  of t h e  coup l ing  c o n s t a n t .  

McFee ( l o )  compared t h e  p i e z o e l e c t r i c  semi-conductor cds  w i th  t h e  non- 

p i e z o e l e c t r i c  semi-conductor Germanium on t h e  b a s i s  of t h e  r a t i o  above. The 

fo l lowing  va lues  were a s s igned  t o  t h e  q u a n t i t i e s  of t h e  equa t ion  

-18 
Cd (Ge) = lOev = 1 .6  x 10  j o u l e  

e(CdS) = 0.2  coulomb/meter 

J 

q = 1 .6  x lo-'' coulomb 

Hence, t h e r e  i s  ob ta ined  

A t  t h e  u l t r a s o n i c  f requency of 50 MC (C  / C  ) 2  ' Hence, deformat ion  d P  

p o t e n t i a l  e f f e c t s  i s  Germaniun a r e  ve ry  sma l l  compared w i t h  t h e  cor responding  

p i e z o e l e c t r i c  e f f e c t s  i n  cadmium s u l f i d e  a t  U l t r a s o n i c  f r e q u e n c i e s .  The two 

types  of e f f e c t s  a r e  about  equa l  a t  an  a c o u s t i c  f requency  of 100 KMc and t h e  

deformation p o t e n t i a l  dominates a t  s t i l l  h ighe r  f r e q u e n c i e s .  Microscopic  

t heo ry ,  (kSf >> l ) ,  i s  u s u a l l y  v a l i d  on ly  a t  ve ry  h igh  f r equenc i e s  where t h e  

de fo rma t ion -po ten t i a l  coupl ing  i s  comparable  w i th  t h e  p i e z o e l e c t r i c  coupl ing  

( f o r  example,  i n  C d s ,  a t  room temperature, k R = 1 at an a c o u s t i c  f requency  o f  
S 

30 KMc) 

-1%- 



En a study by Hutson,  PIeFee and White, 
(12) 

f o l l o w i n g  a suggestion by 

White ,  t h e  a t t e n u a t i o n  I n  Cds was s t u d i e d  i n  t h e  p r e s e n c e  of a n  e x t e r n a l l y  a p p l i e d  

d r i f t  f i e l d .  White r e a l i z e d  t h a t  t h e  same mechanism which c a u s e s  p o s i t i v e  

a c o u s t i c  a t t e n u a t i o n  i n  t h e  absence of e l e c t r o n  d r i f t  shou ld  c a u s e  n e g a t i v e  

attenuation (acoustic amplification) when the drift velocity exceeds the 

acoustic wave velocity. Earlier, from a theoretica1,analysis of the effects of 

conduction electrons on acoustic propagation in nonpiezoelectric semiconductors, 

weinrich(13) (1956) had predicted that the electronic contribution to acoustic 

attenuation would become negative when the drift velocity exceeded the sound 

velocity. The experimental arrangement was a simple one and its essentials 

are shown below. 

RF Input 
Pulse 

Transducer 

liF Output 

Figure 8. Experimental Arrangement for e8fi.f ication Study 
After Weinreich 



One microsecond pu l se s  of 15 blc (o r  45 Mc) shear  waves produced a t  t h e  upper  

t ransducer  passed down through the  Cds c r y s t a l  and were de t ec t ed  a t  t h e  Power 

t r ansduce r .  The Cds c r y s t a l  was o r i e n t e d  so  t h a t  t h e  shea r  wave was piezo-  

elecsr ical2.y a c t i v e ,  e . e ,  t he  shea r  wave propagated i n  a p l ane  perpendicular  t o  

t h e  Cds hexagonal a x i s ,  w i t h  p a r t i c l e  motion a long  t h e  hexagonal a x i s .  T r a n s i t  

t ime through the  7mm Cds sample was approximately 4 microsecond (4  lJ s e c ) .  Con- 

duc t ion  e l e c t r o n s  were produced i n  t h e  sample by i l l u m i n a t i o n  wi th  yel low l i g h t  

from a  h igh  p re s su re  mercury a r c  (577015790 i) . Under t h e  i l l u m i n a t i o n ,  t h e  

5  sample r e s i s t i v i t y  was i n  t h e  range of l o 4  t o  10  ohm-cm. When t h e  sample was 

uni l luminated  ("dark condi t ion")  i t  was e s s e n t i a l l y  i n s u l a t i n g .  The shea r  

wave s i g n a l  l e v e l  ob ta ined  i n  t h e  "dark" cond i t i on  served  a s  t h e  zero a t t e n u a t i o n  

r e f e r e n c e  i n  t h e s e  experiments .  Diffused indium ohmic c o n t a c t s  were made t o  t h e  

e n t i r e  top and bottom s u r f a c e  of t h e  Cds. A d r i f t - v o l t a g e  pu l se  of approximately 

5 microsecond d u r a t i o n  could be  app l i ed  between t h e s e  c o n t a c t s  dur ing  t h e  time 

of t r a n s i t  of t h e  s i g n a l  through t h e  Cds. A Pow d r i f t  duty cyc l e  was used t o  

avoid  h e a t i n g  t h e  sample. 

The observed e f f e c t s  of t h e  e l e c t r o n  d r i f t  on t h e  u l t r a s o n i c  a t t e n u a t i o n  

a r e  shown i n  F ig .  9 below. (12) P o s t i v e  va lues  of d r i f t  f i e l d  mean t h a t  t h e  e l e c t r o n s  

a r e  d r i f t i n g  i n  t h e  d i r e c t i o n  of sound propagat ion.  The d a t a  of Fig.  9 above 

correspond t o  a  r e l a t i v e l y  h igh  l e v e l  of i l l u m i n a t i o n  (sample r e s i s t i v i t y  3 x 

4 10 ohm cm). F i r s t  i t  should be  noted t h a t  f o r  d r i f t  f i e l d s  g r e a t e r  t han  700 

v/cm the  u l t r a s o n i c  a t t e n u a t i o n  becomes nega t ive ,  i . e .  t h e  output  s i g n a l  is  

l a r g e r  than t h e  s i g n a l  ob ta ined  under dark  c o n d i t i o n s ,  Furthermore, i f  an  

2  
e l e c t r o n  m o b i l i t y  of 300 (cm / v o l t  s e c  is  taken from H a l l  measurements made on 

Cds c r y s t a l s  a t  room t empera tu re ) ,  t he  c rossover  from p o s i t i v e  to  nega t ive  

5 
a t t e n u a t i o n  is  found t o  correspond t o  a d r i f t  v e l o c i t y  of about  2 x 3.0 crnlsec, 

5 The shear-wave velocity is P,75 x 10 cm/sec, Thus, White" prediction of u l r r a -  

s o n i c  a m p l i f i c a t i o n  f o r  d r i f t  v e l o c i t i e s  g r e a t e r  than  t h e  sound v e l o c i t y  is 

v e r i f i e d ,  

-14- 



F i g u r e  9. Observed u l t r a s o n i c  a t t e n u a t i o n  i n  7mm CdS sample a s  a f u n c t i o n  
of d r i f t  f i e l d .  Zero d e c i b e l s  r e p r e s e n t  a t t e n u a t i o n  w i t h  sample 
i l l umina ted . .  Curve A: ( Q ~ / W  = 0.24. Curve C:  w /a = 0.21. A f t e r  
Hutson, e t  a 1  (1961) C 

THEORFTICAL COMPUTATIONS 

It is  t o  be noted i n  t h e  work by Hutson d i scussed  above, t h a t  a t  u l t r a s o n i c  

f r equenc ie s  i n  Cds, k R <<I s o  t h a t  macroscopic theory  a p p l i e d .  
s 

The i n t e r a c t i o n  of a c o u s t i c  waves wi th  mobile c a r r i e r s  is most convenient ly  

d i scussed  i n  two l i m i t i n g  regimes,  k & i< 1 and k >> 1 (ks = 2r/X, where h 
S S 

is t h e  a c o u s t i c  wavelength, and 2  is  t h e  mean f r e e  path of t h e  c a r r i e r s )  a t  

u l t r a s o n i c  f r equenc ie s .  i s  u s u a l l y  l a r g e  compared wi th  9, so  t h a t  k,R i s  

cons iderably  l e s s  than  u n i t y ,  This  theory  i s  macroscopic i n  t h e  sense  t h a t  t he  

a c o u s t i c  wave i s  t r e a t e d  a s  a c l a s s i c a l  wave which p e r t u r b s  t h e  c a r r i e r  d i s t r i -  

b u t i o n .  The theory  then  d e s c r i b e s ,  i n  a  s e l f - c o n s i s t e n t  way, how the  c a r r i e r  

d i s t r i b u t i o n  a d j u s t s  i t s e l f  t o  t h e  presence  of t he  a c o u s t i c  wave, Furthermore,  

t h e  e l e c t r i c a l  conduc t iv i ty  is  used t o  simply r e l a t e  t h e  c u r r e n t  caused by t h e  

a c o u s t i c  wave t o  the s e l f - c o n s i s t e n t  e l e c t r i c  f i e l d ,  The f a c t  t h a t  the c a r r i e r s  

a r e  s c a t t e r e d  many times per  makes p o s s i b l e  t he  s imp l i fv ing  assumptions of 

The o t h e r  l i m i t i n g  regime ksg >> I i s  a s soc i a t ed  wi th  s t u d i e s  a t  much 

- 15- 



higher frequencies and are usually associated with studies making use of the 

deformation potential, at frequencies of 100 KMc (LO" Hertz). This frequency 

regime is at a level in which deformation potential effects become important 

as opposed with piezoelectric effects which are important in the 15Mc to 45 Mc 

range. 

ACOUSTIC WAVES AND SOLAR CELLS 

We may now more easily show the present effort of studying the effect of 

acoustic waves on solar cells by drawing a comparison of what has taken place 

in ultrasonic amplification, which has been discussed previously and the idea 

which is investigated in this endeavor. 

We remember in our discussion of ultrasonic amplification that it was 

shown by Hutson et a1 (12) that an Rf pulse input into a sample of piezoelectric 

material of Cds under the condition shown in Fig. 8, resulted in sound (acoustic) 

amplification on the output side of the sample. Hence, it was seen that there 

exists a coupling interactive result between phonon injection and electron motion 

to result in either sound amplification (negative attenuation) or sound suppression 

(positive attenuation). 

The final effects that concerned the present investigators were those of 

the interaction of photons, phonons and electrons and to thereby establish the 

possibliity of the change of the efficiency of solar cells by this 3-non 

interaction* 

PHONON-PHOTON-ELECTRON INTERACTION IN A PHOTOVOLTAIC SEMICONDUCTOR 

The "3-non" coupling can be likened to the operation of a simple triode 

where the phonon acts as the controlling element. The purported action of the 

phonon is to create a non-equilibrium electronic state which is receptive to 

the impinging photon spectrum to higher than otherwise degree. The inverse 

action is not considered although surely the electron must play an intermediate role 

in photon generation of phonons. 

*3-non is used here as an abreviated term referring to phonon-photon- 
electron interaction - 16- 





A rather vigorous study of solar cell performance has been made s i n c e  

Chapin, Fuller and Pearson first u t i l i z e d  a p-n junction in silicon as a solar 

energy conve r t e r  i n  I954 ( I 4 '  Natu ra l ly  t h e  primary i n t e r e s t  has  been i n  

i n c r e a s i n g  t h e  s o l a r  c e l l  e f f i c i e n c y  by geometry of t he  c o n f i g u r a t i o n ,  m a t e r i a l  

doping,  des ign  of c o l l e c t o r  g r i d s ,  a d d i t i o n  of a n t i r e f l e c t a n t  c o a t i n g s ,  and 

t h e o r e t i c a l l y  by u t i l i z a t i o n  of d r i f t  f i e l d s  a r i s i n g  from d e n s i t y  g r a d i e n t s  of 

i m p u r i t i e s .  More r e c e n t  s t u d i e s  have been d i r e c t e d  toward t h e  u s e  of mu l t i -  

l aye red  and m u l t i - t r a n s i t i o n  c e l l s .  The a c t u a l  performances of both t h e  prim- 

i t i v e  and t h e  improved c e l l s ,  however, have never reached t h e i r  t h e o r e t i c a l l y  

p r e d i c t a b l e  maximum e f f i c i e n c y .  The b a s i c  equa t ions  d e s c r i b i n g  t h e  c h a r a c t e r -  

i s t i c s  of pho tovo l t a i c  s o l a r  energy conve r t e r s  and t h e  corresponding equiv- 

a l e n t  c i r c u i t  a r e  given i n  r e f e r e n c e s  15-17. Some t y p i c a l  comparisons a r e  

g iven  below i n  Table 1. 

Table  I - Solar  C e l l  E f f i c i e n c y  ( 4  

M a t e r i a l  

S i  

InP 

GaAs 

CdTe 

Cu20 

S e  

E f f i c i e n c y  Maximum 
At t a ined  P r e d i c t e d  

S i n g l e  C r y s t a l  15% 20% 

Alloy on n-base 

Zn d i f f u s e d  p  on 
n-base 

P o l l y c r y s t a l l i n e  112 - 
I I , p-n j u n c t i o n  E 

between two d i f f e r e n t  
m a t e r i a l s  

S ing le  C r y s t a l  
Evaporated Film 



S i n g l e  l a y e r  p o l a r  cells u t i l i z e  only about  46 pe rcen t  of t h e  sun's 

energy ,  whereas t h e  mul t i - layered  c e l l s  a r e  p red i c t ed  t o  u t i l i z e  approximately 

69 pe rcen t  based upon g rada t ion  of energy gaps ,  

The l i m i t a t i o n s  on t h e  e f f i c i e n c y  of phoeovol ta ic  s o l a r  energy con- 

(18) s v e r t e r s  can b e  broken down i n t o  t h e  fo l l owing  major f a c t o r s  accord ing  t o  Wolf 

1, R e f l e c t i o n  l o s s e s  on t h e  s u r f a c e ;  

2 .  Incomple te  a b s o r p t i o n ;  

3 ,  U t i l i z a t i o n  of on ly  a  p a r t  of  t h e  photon energy f o r  t h e  c r e a t i o n  
o f  e l ec t ron -ho le  p a i r s ;  

4 ,  Incomplete  c o l l e c t i o n  of  t h e  e l ec t ron -ho le  p a i r s  by d i f f u s i o n  t o  t he  
p-n j u n c t i o n ;  

5. A v o l t a g e  f a c t o r  g iven  by t h e  r a t i o  of open c i r c u i t  v o l t a g e  t o  energy 
gap p o t e n t i a l  d i f f e r e n c e ;  

6 .  A c u r v e  f a c t o r  given by t h e  r a t i o  of maximum power p o i n t  v o l t a g e  t i m e  
maximum power p o i n t  c u r r e n t  t o  open -c i r cu i t  c u r r e n t  f o r  an i d e a l  p-n 
j u n c t i o n ;  

7 .  A d d i t i o n a l  deg rada t ion  of t h e  curve  due t o  i n t e r n a l  series r e s i s t a n c e ,  

I t e m s  1, 4 ,  and 7 a r e  determined by f a b r i c a t i o n  techniques  and improvement 

on t h e s e  may be  p o s s i b l e  up t o  near  e l i m i n a t i o n  of  t h e i r  i n f l u e n c e  Wolf cons ide r s  

i t e m s  2,3,5, and 6 as having a b s o l u t e  p h y s i c a l  l i m i t a t i o n s  beyond which improvement 

i s  n o t  p o s s i b l e .  A s  s t a t e d  p rev ious ly  (p.1) i t  i s  t h e  i n t e n t  of t h i s  s t udy  t o  

i n v e s t i g a t e  t h e  p o s s i b i l i t y  of improvement i n  t h e  a b s o r p t i o n  and u t i l i z a t i o n  of 

photons absorbed by phonon i n j e c t i o n  wi th  r e s u l t a n t  coupl ing  wi th  t h e  photon- 

e l e c t r o n  i n t e r a c t i o n .  An improvement of i t e m s  2 and 3 should a l s o  e x h i b i t  an 

improvement i n  i t e m  6 b u t  may show a  s l i g h t  r educ t ion  i n  ou tpu t  v o l t a g e ,  which i s  

no t  cons ide red  t o  be  extremely o b j e c t i o n a b l e .  

Observa t ions  were made i n  rhe  l a b o r a t o r y  of t h e  r e s u l t  of phonon g e n e r a t i o n  

i n  a t  l e a s t  two d i f f e r e n t  types  of p h o t o v o l t a i c  s o l a r  g e n e r a t o r s ,  the  e f f e c t  

be ing  i n d i c a t e d  by a d e v i a t i o n  of ou tput  v o l t a g e  and output  c u r r e n t  of t h e  device 

i n  concur rence  w i th  t h e  t r a v e l i n g  sound wave, Va r i a t i ons  which a r e  immediately 



convenient  might i nc lude  t h e  i l l u m i n a t i o n  i n t e n s i t y  and t h e  e x t e r n a l  load impedance; 

w i th  s e v e r e  l i m i t a t i o n s ,  a l s o  the  sound frequency and sound i n t e n s i t y ,  The l a t t e r  

two parameters  may be t h e  most important  c r i t e r i a  i n  e s t a b l i s h i n g  t h e  dua l  coupl ing 

of t h e  "3-non" i n t e r a c t i o n .  

The photon-electron coupl ing  i s  demonstrated f i r s t  by photoconduct iv i ty  

and t o  a  h ighe r  degree  by t h e  p h o t o e l e c t r i c  e f f e c t ,  Photoconductive m a t e r i a l s  

may be u t i l i z e d  a s  e lec t romagnet ic  r a d i a t i o n  d e t e c t o r s ,  whereas p h o t o e l e c t r i c  ( o r  

pho tovo l t a i c )  m a t e r i a l s  a r e  used a s  energy conve r t e r s  where s o l a r  r a d i a t i o n  i s  

transformed t o  e l e c t r i c a l  energy.  Quantum e l e c t r o n i c s  i s  the  b a s i s  of ana lyz ing  

p roces ses  i n  both  types of m a t e r i a l s .  I n  d i s c u s s i n g  photoconduct iv i ty  of s o l i d  

m a t e r i a l s  i n  c r y s t a l l i n e  form, ~ube (" )  s t a t e s  t h a t  t he  presence  of phonons a f f e c t s  

t h e  occupat ion of energy l e v e l s  and t h e  t r a n s p o r t  of charge  through t h e  c r y s t a l ,  

bu t  does not  by i t s e l f  i n t roduce  any new l e v e l s .  H i s  s t a t emen t  should be i n t e r p r e t e d  

as "any addi t iot la t l  l e v e l s , "  s i n c e  t h e  number of energy e igenvalues  a r e  c h a r a c t e r i s t i c  

of t h e  m a t e r i a l .  When the  c r y s t a l  l a t t i c e  s t r u c t u r e  is  sub jec t ed  t o  a  t r a v e l i n g  

sound wave, however, both t h e  energy gap and t h e  quantum l e v e l s  change wi th  t h e  

number of quantum s t a t e s  remaining i n ~ a r i a n t ' ~ ' ) .  Th i s  is  one phenomena which would 

tend t o  induce a d d i t i o n a l  coupl ing between t h e  photon and t h e  e l e c t r o n .  I t  i s  

a n t i c i p a t e d  t h a t  such an  e f f e c t  would be evidenced by a  smoothing of t h e  response  

spectrum of t h e  t e s t  sample t o  an  i l l u m i n a t i o n  of d i s t r i b u t e d  wavelength such a s  

t h a t  of s o l a r  r a d i a t i o n .  This  would be s i m i l a r  t o  the  e f f e c t  p r e d i c t e d  f o r  mul t i -  

l ayered  c e l l s .  

It may a l s o  be  noted a t  t h i s  p o i n t  t h a t  t h e  migra t ion  of e l e c t r o n s  which a r e  

normally i n  t h e  conduction band would be enhanced i n  t he  d i r e c t i o n  of t h e  a c o u s t i c  

wave accord ing  t o  the  a c e u s t o e l e c t r i c  phenomena which have been recentby  r e p o r t e d ,  

The coupl ing  was f i r s t  i n t e r p r e t e d  as phonan-wave d r a g ,  where the  phonon wave 

t r a n s f e r s  momentum t o  the  e l e c t r o n .  A s  expla ined  by ~ c k s t e i n ' ~ ) ,  when a sound wave 

propagates  through a m a t e r i a l  con ta in ing  conduct ion e l e c t r o n s ,  i t s  momentum, a s  



a s  wekl a s  i t s  e n e r g y ,  i s  a t t e n u a t e d  by t h e  e l e c t r o n s ,  The momentum a t t e n u a t i o n  

ac t s  a s  a dc f o r c e  c a u s i n g  t h e  e l e c t r o n s  t o  d r i f t  i n  t h e  d i r e c t i o n  of t h e  f o r c e ,  

I f  t h e r e  i s  a c losed  c i r c u i t  i n  t h i s  d i r e c t i o n ,  a  d i r e c t  c u r r e n t  w i l l  b e  p roduced ,  

This  is  the  a c o u s t o e l e c t r i c  c u r r e n t ;  i t  i s  p ropor r iona l  t o  t h e  sound i n t e n s i t y ,  

s i n c e  t h e  momentum a t t e n u a t i o n  i s  i t s e l f  p r o p o r t i o n a l  t o  t h e  sound i n t e n s i t y ,  I f  

on the  otherhand t h e  c i r c u i t  i s  open, t h e  d r i f t i n g  e l e c t r o n s  produce a space  

charge whose e l e c t r i c  f i e l d  cance l s  t h e  dc f o r c e  due t o  t h e  sound wave momentum 

a t t e n u a t i o n .  Th i s  back e l e c t r i c  f i e l d  i s  t h e  a c o u s t o e l e c t r i c  f i e l d .  A s  f u r t h e r  

evidence of t h e  phonon-electron coupl ing ,  t h e r e  a r e  r e p o r t s  of a c o u s t i c  ampli- 

f  i c a t i o n  
(12) 

i n  p i e z o e l e c t r i c  semiconductors where t h e  i n v e r s e  of t h e  above 

descr ibed  e f f e c t  occu r s .  

Any r e p o r t i n g  o f ,  cons ide ra t ion  o f ,  o r  obse rva t ion  of t h e  3-non i n t e r a c t i o n  

t o  d a t e  is  unknown t o  t h e  i n v e s t i g a t o r s .  Br i e f  no te s  on t h e  terminology and 

elementary d e s c r i p t i o n s  of devices  commonly r e f e r r e d  t o  i n  t h e  f i e l d  of s o l i d  s t a t e  

phys ics  is  inc luded  a s  an appendix. 

Because of t h e  extreme d i v e r s i t y  i n  i n t e r p r e t a t i o n  of t h e  processes  involved ,  

t h e  number of unknowns, and t h e  complexity of a  formal a n a l y s i s ,  no e s t i m a t e s  of 

t h e  magnitudes of r e s u l t s  have been made, b u t  even r e l a t i v e l y  smal l  i n d i c a t i o n s  of 

t h e  proposed coupling i n  any of t h e  m a t e r i a l s  l i s t e d  p rev ious ly  would be  s i g n i f i c a n t  

I n  f a c t ,  evidence of such an e f f e c t  would no t  on ly  promote f u r t h e r  development i n  

t h e  use of t h e  s o l a r  c e l l ,  b u t  i t  would a l s o  extend i t s  u t i l i t y  a s  a  c o n t r o l  dev ice  

and poss ib ly  a s  a  mixed mode a m p l i f i e r .  This  i n v e s t i g a t i o n  is  cons idered  t o  b e  

o r i g i n a l  only i n  t he  sense  t h a t  such a  t a s k  has  not  been openly r e p o r t e d .  

The m a t e r i a l  requirements  f o r  conducting t h e  s tudy  was met by donat ions  s f  

s e v e r a l  s i l i c o n  s o l a r  c e l l s  from both Texas Ins t ruments ,  Enc. and H e l i o t e k ,  a 

d i v i s i o n  of T e x t r o n  E l e c t r o n i c s ,  Lnc, These samples  were eommerciakLy produced 

c e l l s  and r equ i r ed  some p r e p a r a t i o n  f o r  a d a p t i o n  t o  t h e  l a b o r a t o r y  t e s t  a r r a n g e -  

ment. The one d e s i r a b l e  f e a t u r e  of such a  t e s t  sample was t h a t  a l l  optimum 



f a b r i c a t i o n  techniques  had been inco rpo ra t ed .  The major d i s advan tage ,  from a  

documentary t e s t  s t a n d p o i n t ,  was t h e i r  l i m i t e d  t h i c k n e s s ,  which c u r t a i l s  t h e  

a c o u s t i c  wavelength range  and p u l s e  wid th  f o r  d i s t i n g u i s h a b l e  r e f l e c t i o n s  of t h e  

sound wave, Th i s  problem may be  a l l e v i a t e d  somewhat by use  of t h e  sampling 

o s c i l l o s c o p e  a s  a r e a d o u t .  Th i s  does n o t  imply, however, any less complexi ty  

of t h e  p roces se s  o p e r a t i n g  w i t h i n  t h e  t e s t  sample and a s  a  r e s u l t ,  t h e  d u r a t i o n  

of s a t i s f a c t o r y  o b s e r v a t i o n  of t h e  ou tput  i s  q u i t e  smal l  g e n e r a l l y  compared t o  

t h e  decay of d i s t u r b a n c e  i n  t h e  sample.  



T WNT - 
The p u l s e  g e n e r a t o r  was capable  of d e l i v e r i n g  s i n g l e  impulse s i g n a l s  

of high-vol tage f o r  d r i v i n g  f o r  so l eno id  impactor i n  a d d i t i o n  t o  p rov id ing  

cont inuous square-wave s i g n a l s  of up t o  one megacycle f o r  d r i v i n g  t h e  

p i e z o e l e c t r i c  sound i n p u t  c r y s t a l ,  which was a l s o  u t i l i z e d  f o r  i n d i c a t i o n  

of impactor i npu t  du r ing  s i n g l e  i n p u l s e  t e s t s .  S e t t i n g s  on t h i s  u n i t  were 

non-ca l ibra ted  and i t  was t hus  necessary  t o  provide  f o r  c a l i b r a t e d  i n d i c a t i o n  

of t h e  ou tput  on t h e  o x c i l l o s c o p e ,  u s ing  a  d u a l  channel  preamp. 

The DC Power Supply was used a s  t h e  power sou rce  f o r  t h e  l i g h t  i n  t h e  

test  f i x t u r e .  Th i s  u n i t  was opera ted  a t  12 v o l t s  w i th  less than  one t e n t h  

of one pe rcen t  r i p p l e .  

Both d u a l  channel  and sampling type  preamps were u t i l i z e d  w i th  t h e  

o s c i l l o s c o p e  r eadou t .  The 50MC range  of  t h i s  b a s i c  u n i t  was extended i n t o  

t h e  g igacyc l e  range w i t h  u se  of t h e  sampling preamp. Maximum s e n s i t i v i t y  

of t h e  readout  was 0.0005mv/cm which t h u s  allowed d e t e c t i o n  of s i g n a l s  a s  

sma l l  a s  f i f t y  mic rovo l t s  b u t  wi thout  t h a t  d e f i n i t i o n  of t h e  s t r o n g e r  s i g n a l s ,  

The "X-Y" Recorder was used on two occas ions :  (1) when employing t h e  

sampling preamp w i t h  t h e  o s c i l l o s c o p e ,  and (2)  when us ing  t h e  AC Voltmeter  a s  

t h e  ou tput  d e t e c t o r .  

E l e c t r i c a l  i s o l a t i o n  was a  primary c o n s i d e r a t i o n  i n  t h e  c o n s t r u c t i o n  of 

t h e  test f i x t u r e  i n  a d d i t i o n  t o  l i g h t  s e a l i n g .  BNC t ype  connec t ions  were 

provided f o r  a l l  e l e c t r i c a l  l i n e s  which were s h i e l d e d  c a b l e .  I n t e r n a l l y ,  t h e  

t e s t  f i x t u r e  had 100% s h i e l d i n g  w i t h i n  t h e  c a v a t i e s  w i th  p a r t i c u l a r l y  heavy 

s h i e l d i n g  between t h e  i n p u t  and ou tpu t  s e c t i o n s .  P r o v i s i o n  was a l s o  made f o r  

l e v e l i n g  t h e  f i x t u r e  on a  3-point suspens ion .  E igh t  f i l t e r s  were i n s e r t a b l e  

above a  v a r i a b l e  opening diaphram i n  t h e  upper p o r t i o n  of t h e  condenser  u n i t ,  

For h ighe r  f requency r anges ,  between t e n  and f i f t y  megacycles ,  a s u r p l u s  

r a d i o  t r a n s m i t t e r  was employed f o r  d r i v i n g  t h e  sound inpu t  c r y s t a l  wSth some 

d i f f i c u l t y  i n  o p e r a t i o n  and r e g u l a t i o n .  Th i s  was p a r t i a l l y  due t o  the  f a c t  

t h a t  load matching was n o t  provided f o r  i n  t h e  t e s t  se t -up .  

-22- 



DC P o w e r  S u p p l y  O s c i l l o s c o p e  - 

ARRANGMENT OF TEST EQUIPMENT 



Light Source 
A 

Sample 
Output 

D e t e c t o r  
Output 

50v P u l s e  
I n p u t  

; 
1 
I I F i l t e r  and 

Diaphram 
I 

I I 

Cj - 

A Condensing 
Lense 

T e s t  Sample 

(Shock Mount 

0 

Note: Detector crystal was utilized as continuous 
frequency sound input with impactor inactive, 

TEST DEVICE ARRPaNGEKlENT 

-24- 



LABOMTORY PROCEDURE --- 

Test samples were prepared f o r  mounting f i r s t  by l app ing  t h e  underside 

t o  a  f l a t  f i n i s h  but  not  po l i shed  s i n c e  t h i s  was i m p r a c t i c a l  wi th  t h e  va r ious  

m a t e r i a l s  and t o o l s  a t  hand. Some samples were p r e f a b r i c a t e d  and mounted i n  

ca s ings  which could no t  be modif ied t o  any e x t e n t  wi thout  d e s t r u c t i o n  of t h e  

sample o r  e l e c t r i c a l  connec t ions .  

With a l l  s u r f a c e s  c leaned  by c a u s t i c  s o l u t i o n  and hydrocarbon s o l v e n t s ,  

t h e  sample was then  mounted on t h e  b u f f e r  c r y s t a l  by one of t h r e e  means: 

(1) Appl ica t ion  of s i l i c o n e  o i l  

(2) Indium vapor d e p o s i t  w i t h  pressured  assembly 

(3) S i l v e r  epoxy j o i n t  

E l e c t r i c a l  c o n t a c t s  were always made s e c u r e  by so lde red  j o i n t s ,  be ing  

c a r e f u l  not to impair  t he  mounting by overhea t ing  of t h e  sample. 

The same method was used i n  mounting t h e  p i e z o e l e c t r i c  d r i v e r  c r y s t a l s  

on t h e  oppos i t e  s u r f a c e  of t he  b u f f e r  c r y s t a l .  Th i s  c r y s t a l  was f a b r i c a t e d  

of q u a r t z  w i th  i t s  n e u t r a l  a x i s  co inc id ing  wi th  the  a x i s  of t h e  c y l i n d r i c a l  

c o n f i g u r a t i o n .  

Mounted below t h e  d r i v i n g  c r y s t a l  was t h e  impact cap f o r  p r o t e c t i o n  of 

t h e  c r y s t a l .  Various m a t e r i a l s  were t r i e d  f o r  t h e  b e t t e r  t ransmiss ion  s f  

impact wi thout  damage t o  t h e  c r y s t a l .  Bronze s f  a  r e l a t i v e  hard a l l o y  was 

s e l e c t e d  a s  most d e s i r a b l e .  

Arrangement was a l s o  provided f o r  s p r i n g  loading  the  d r i v e r  c r y s t a l  when 

no t  u s ing  t h e  so lenoid  impactor .  The degree of loading  was no t  i nc reased  beyond 

rhe  p o i n t  where improvement i n  t ransmiss ion  ceased ,  

During the later period of testing, it was found to be more convenient to 

mount the driving crystal to the buffer by means of pressing the two together 

with  a  f l u i d  l a y e r  of S a l o l  (Phenyl S a l i c y l a t e )  between, and then  a l lowing  t h e  

assembly t o  cool  t o  room tempera ture ,  En t h i s  way, a range of c r y s t a l s  could 



be uti.1-i-zed f o r  b e t t e r  t r ansmis s ion  w i t h i n  ce r ta r in  f requency Eirniks, 

With use of t h e  dua l  channel preamp in t h e  o s c i l I o s c o p e  t h e  input s i g n a l  

and t h e  o u t p u t  s i g n a l  could bo th  be  observed and compared, T r i g g e r i n g  of t h e  

o s c i l l o s c o p e  was b e s t  accomplished by u t i l i z i n g  t h e  delayed ou tpu t  s i g n a l  t h a t  

was provided by t h e  p u l s e r  ...... bo th  f o r  s i n g l e  impulse and cont inuous  low- 

ou tpu t - s igna l  t e s t s .  

Records of t h e  test  sample o u t p u t  were made by photographing t h e  o s c i l l o s c o p e  

s c r e e n  us ing  a p o l a r o i d  camera and mount designed f o r  t h i s  purpose.  On o t h e r  

occas ions ,  when us ing  t h e  sampling preamp o r  t h e  vo l tme te r  f o r  o u t p u t  d e t e c t i o n ,  

t h e  "X-Y" p l o t t e r  provided a r e c o r d  of t h e  sample ou tpu t .  
t 

T e s t  v a r i a b l e s  provided by t h e  tes t  equipment inc luded  t h e  fo l l owing :  

(1) P u l s e  d ~ r a t i o n , ' ~ u l s e  w i d t h ,  p u l s e  advance, p u l s e  d e l a y ,  
and p u l s e  magnitude 

( 2 )  L igh t  i n t e n s i t y ,  l i g h t  spectrum, and l i g h t  modulat ion 

(3)  Continuous t r a c e  d e t e c t i o n ,  s i n g l e  impulse d e t e c t i o n ,  
sampling of HF d e t e c t i o n  

(4) Frequency of sound i n p u t ,  wave shape of i n p u t ,  f requency ,  
and n o i s e  abatement i n  o u t p u t .  



TEST PROCEDURE 

I n i t i a l  t e s t i n g  of every sample began wi th  frequency scanning wi th  a d j u s t -  

ment of p u l s e  width accord ingly  t o  t h a t  f o r  cont inuous s e m e t r i c a l  wave o r  

p e r i o d i c  p u l s e  w i t h  extended n e u t r a l  pe r iod .  

Repeating t h e  above then  wi th  l i g h t  s e n s i t i v e  modes. Within each respon- 

s i v e  range,  t he  i n t e n s i t y  and spectrum was v a r i e d  t o  d e t e c t  any p a r t i c u l a r l y  

respons ive  l i m i t s .  

The t e s t  sample output  was then  recorded wi th  s t anda rd  l i g h t  i n t e n s i t y  

and wi th  va ry ing  o u t p u t  l oad ing .  Load v a r i a t i o n  was accomplished by p l a c i n g  

a  v a r i a b l e  r e s i s t i v e  load  i n  p a r a l l e l  w i th  t h e  o s c i l l o s c o p e  i n p u t .  

Add i t i ona l  a m p l i f i c a t i o n  was obta ined  i n  c e r t a i n  t e s t s  by p l a c i n g  a  

t ransformer  i n  t h e  output  l i n e  between t h e  t e s t  sample and t h e  o s c i l l o s c s p e ,  

Also,  cons ide rab le  r educ t ion  i n  i n t e r f e r e n c e  and n o i s e  from s t r a y  pick-up 

was accomplished by p l ac ing  c a p a c i t i v e  loads  i n  p a r a l l e l  w i th  t h e  sample,  and 

i n  some c a s e s ,  i n  s e r i e s  w i th  t h e  sample o u t p u t .  
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E S U L T S  AND CONCLUSIONS 

T e s t s  were conducted on Gallium Arsenide samples which v a r i e d  i n  r e s i s t i v i t y  

due t o  doping,  The most r e s i s t i v e  sample ( i n  t h e  range of 50 megohms) showed 

no response due t o  sound o u t p u t ,  V a r i a t i o n  i n  t h e  sample r e s i s t i v i t y  when 

sub jec t ed  t o  sound was n o t  i n v e s t i g a t e d .  The sample w i t h  medium r e s i s t i v i t y  

(approximately 300K) a l s o  d id  no t  show any response  and a  minimum v o l t a g e  o u t p u t  

was i n d i c a t e d  when sub jec t ed  t o  t h e  maximum l i g h t  i n t e n s i t y  .... l0mv o u t p u t ,  The 

most e f f i c i e n t  c e l l  t e s t e d  showed approximately 100 mv ou tpu t  under normal l i g h t  

i n t e n s i t y .  The response  t o  sound was r e l a t i v e l y  h igh  b u t  was n o t  dependent 

upon t h e  sample 's  exposure t o  l i g h t .  No s h i f t  was observed i n  t h e  n e t  DC o u t p u t  

of t h e  sample. Th i s  was t o  be expected s i n c e  t h e r e  was no p rov i s ion  f o r  sound 

abso rp t ion  on t h e  f a r  s i d e  of t h e  sample. The wave shape was s i n u s o i d a l ,  

i r r e g a r d l e s s  of t h e  inpu t  shape. The sample d i d  respond t o  sound a s  much a s  

10% of t h e  BC ou tpu t ,  b u t  no i n t e r a c t i o n  was observed wi th  t h e  l i g h t .  The 

sample output  due t o  sound was h igh ly  a f f e c t e d  by t h e  degree  of l oad ing  a c r o s s  

t h e  sample output  l e a d s .  A t  300K load ( r e s i s t i v e )  t h e  sample output  was reduced 

t o  about  5% a s  compared t o  t h a t  wi th  10% wi th  a  10 megohm load .  With 500 

load ,  t h e  ou tpu t  was b a r e l y  d e t e c t a b l e .  

S i l i c o n  s o l a r  c e l l s  were found t o  be t o t a l l y  unresponsive t o  sound i n p u t ,  

w i th  o r  wi thout  l i g h t  exposure.  

Severa l  p h o t o r e s i s t i v e  devices  were t e s t e d  b u t  t h e r e  was no i n d i c a t i o n  of 

d i r e c t  i n t e r a c t i o n  of l i g h t ,  sound, and e l e c t r o n .  A n o t a b l e  e f f e c t  of sound 

upon t h e  s t a b i l i t y  of t h e  e l e c t r o n  was observed however i n  t h e  f r e s h l y  quenched 

s t a t e  of c e r t a i n  samples.  

S t a b i l i t y  of t h e  i n h e r e n t  e l e c t r i c a l  d i s p e r s i o n  nea r  t h e  P-N j u n c t i o n  of 

pho tovo l t a i c  devices  i n  some instances i s  e f f e c t e d  by a sound wave t r a v e r s i n g  

t h e  region, I t  a p p e a r s  chat G a A  which i s  zlene doped i s  h i g h l y  responsive, 

Although no s h i f t  i n  response t o  t h e  o p t i c a l  spectrum was d e t e c t a b l e  i n  t h i s  

s e r i e s  of t e s t s ,  t h i s  i s  a p o s s i b i l i t y  which could no t  be confirmed w i t h  t h e  



equipment a t  hand,  Even though no 3-non e f f e c t  cou ld  be conf i rmed ,  s u c h  a device 

l e n d s  i t s e l f  t o  u s e  a s  a u n i q u e  d e t e c t i v e  d e v i c e  which c o u l d  b e  u t i l i z e d  d e s i g n  

of e l e c t r i c a l  c o n t r o l  and d e t e c t i v e  a p p a r a t u s ,  



Appendix 

Semiconductor - A semiconductor is an insulator in which in thermal 

equilibrium some charge carriers are mobile, At 

absolute zero a pure, perfect crystal of most semi- 

conductors would be an insulator. The characteristic 

semiconducting properties are usually brought about by 

thermal agitation, impurities, lattice defects, or 

lack of stoichiometry. Semiconductors are understood 

in practice to be electronic conductors with values of 

the electrical resistivity at room temperature generally 

- 2 9 
in the range 10 to 10 ohm-cm, intermediate between 
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good conductors (10 ohm-cm) and insulators (10 to 

ohm-cm). The electrical resistivity of a semiconductor 

is usually strongly dependent on temperature. The devices 

based on the properties of semiconductors include transistors, 

rectifiers, modulators, detectors, thermistors, and photoce%ls, 

Photon - A quantum energy of electromagnetic radiation. The energy 

of n photons is € = nhv = nhue (h is Planck's const.) 

Phonon - A quantum mechanical unit of energy associated with lattice 

vibrations. 

Piezoelectric - Deformation of a piezoelectric material is directly proportional 

to the applied electrical field. These substances are all 

anisotropic: hemihedral crystals with oblique faces. 

Electorstrictive-Deformation of material is proportional to the square of the 

applied electrical field. 

Zeeman Effect - Splitting of the energy levels of the electron by application 

o f  an e x t e r n a l  magnet ic  field, 

Stark Effect - Splitting of the energy levels of the electron by application 

sf an external electric field. 



J *  5 ,  E o f e r s k i ,  "Resent Research on P h o t o v o l t a i c  Energy C o n v e r t e r s , "  
P roceed ings  of IEEE, May, 1963,  p p .  567-674. 

J .  J, E o f e r s k i ,  " P o s s i b i E i t i e s  Afforded by M a t e r i a l s  o t h e r  t h a n  S i l i c o n  
i n  t h e  F a b r i c a t i o n  of P h o t o v o l t a i c  C e l l s , "  Acta  E l e c t r o n i c a ,  5 ( 1 9 6 1 ) ,  
pp.  351-361. 

S t a n l e y  W .  A n g r i s t ,  " D i r e c t  Energy Convers ion , "  A l l y n  and Bacon, I n c , ,  
Boston,  1965,  p .  100 .  

J .  9. L o f e r s k i ,  " P o s s i b i l i t i e s  Af forded  by M a t e r i a l s  o t h e r  t h a n  S i l i c o n  
i n  t h e  F a b r i c a t i o n  o f  P h o t o v o l t a i c  Cells," Acta E l e c t r o n i c a ,  5 ( 1 9 6 1 ) ,  
pp 350-363. 

S .  G .  E c k s t e i n ,  " A c o u s t o e l e c t r i c  E f f e c t , "  J o u r n a l  of Appl ied  P h y s i c s ,  
Vol. 35,  No. 9 ,  September 1964,  p.  2702. 

R, H e  Parmente r ,  Phys.  Rev.,  8 9 ,  990 (1953) .  

J. C .  S l a t e r ,  "Revs. Modern Phys." Vol.  20,  No. 3 ,  1948 ( s e e  E s p e c i a l l y  
g 483) .  

W .  Shockley and J .  Bardeen,  "Energy Bands and  M o b i l i t i e s  i n  Monatomic 
Semiconductors ,"  Phys.  Rev.,  77,  407 (1950).  

J .  Mer t sch ing ,  "Verg le ich  d e r  U l t r a s c h a l l e f f e k t e  i n  P i e z o e l e k t r i s c h e n  
and E i n f a c h e n  Beformationspotential-Hableitern," Phys .  S t a t .  S o l .  4 ,  
453 (1964) pp ,  453-458. 

Warren P .  Mason, " P h y s i c a l  A c o u s t i c s , "  Volume I V ,  P a r t  A, Academic P r e s s ,  
pp 24-26. 

Bardeen,  J .  and Shock ley ,  W.  (1950) ,  Phys.  Rev, 8 0 ,  72.  

A. R. Hutson,  J. H .  McFee and D, L. White ,  " U l t r a s o n i c  A m p l i f i c a t i o n  i n  
Cde," Phys .  Rev. L e t t e r s ,  V s l .  7, No. 6 ,  S e p t .  1 5 ,  1961 ,  pp. 237-239. 

G.  Weinre ich ,  (1956) ,  Phys .  Rev., 1 0 4 ,  321. 

M. D. Chapin,  C .  S .  F u l l e r ,  and G .  L. P e a r s o n ,  "A New S i l i c o n  P-N J u n c t i o n  
P h o t o c e l l  f o r  Conver t ing  S o l a r  R a d i a t i o n  i n t o  E l e c t r i c a l  Power," J. Appl,  
Phys . ,  Vol.  25,  pp.  676-677, May, 1954.  

M. B.  P r i n c e ,  " S i l i c o n  S o l a r  Energy C o n v e r t e r , "  9. Appl .  P h y s , , a 2 6 ,  
534-540, 1955. 

M ,  Wolf and El, B ,  P r i n c e ,  "New Developments i n  S i l i c o n  P h o t o v o l t a i c  Devices  
and T h e i r  A p p l i c a t i o n  i n  E l e c t r o n i c s , "  Congress  f o r  S o l i d  S t a t e  Phys ics  
and Its A p p l i c a t i o n s  i n  E l e c t r o n i c s  and Communications, B r u s s e l s ,  J u n e ,  
1958; see a l s o  Y ,  Brir I R E ,  18, 583-595, 1958, 

J ,  J ,  L o f e r s k y ,  " 'Theore t i ca l  C o n s i d e r a t i o n s  Governing t h e  Choice o f  t h e  
Optimum Semiconductor  f o r  P h o t o v o l t a i c  S o l a r  Energy C o n v e r s i c n , ' 9 o u r n a l  
of Appl ied P h y s i c s ,  Vol ,  2 7 ,  No. 7 ,  J u l y  1956,  p ,  779. 



18.  M. Wolf, "LEiitations and Possibilities for Improvements of PhotovoPtaic  
Solar Energy Conver te rs , '*  P~roc, I R E ,  July (196Q),  g p ,  1246-1263,  

1 9 .  Richard H ,  Bube, "Photcoconductivi%y. of Solids," John Wiley and Sons, Lnc,, 
New York,  New York, 1960, ( 4 6 1  p,). 

20. William Shockley, "Elec t ron  and Holes i n  Semiconductors," D .  Van Nostrand 
Co., I n c . ,  New York, New York, 1950 (558 p . )  . 

SUPPLEMENTARY REFERENCES 

21. I .  Ya Kocherou and I .  V.  O s t r o v s k i i ,  " I n t e r a c t i o n  Between Transverse  
U l t r a s o n i c  Waves and Charge C a r r i e r s  i n  P i e z o e l e c t r i c  P l a t e s , "  Sovie t  
Phys i c s ,  S o l i d  S t a t e ,  Vol. 1 2 ,  No. 6 ,  December 1970, 

22. V .  I. Vas'kova and I .  A. Viktorov,  " I n v e s t i g a t i o n  of t h e  Ampl i f ica t ion  
of U l t r a s o n i c  Surface  Waves i n  A Cadmium S u l f i d e  Crys t a l , "  Sov ie t  Physics-  
Acous t i c s ,  Vol. 15 ,  No. 4 .  A p r i l  - June ,  1970, 

23. C .  F i s c h l e r ,  "Acous toe lec t r ic  Ampl i f ica t ion  i n  a  Many-Carrier Systemsss 
J o u r n a l  of Applied Phys i c s ,  Vol. 41, No. 4 ,  15 March, 1970. 

24. A.  Rose, "The Acous toe l ec t r i c  E f f e c t s  and t h e  Energy Losses by Hot E lec t rons , "  
P a r t  I :  "Small S igna l  Acous toe l ec t r i c  E f f e c t s , "  RCA Review, Vol. 27, 
P .  98, March, 1966. 
P a r t  11: "Rates of Energy Loss By Ene rge t i c  E lec t rons , "  RCA Review, 
Vol. 27, P .  600, December, 1966. 
P a r t  111: "Large S igna l  A c o u s t o e l e c t r i c  E f f e c t s , "  RCA Review, Vol. 28,  
P. 634. December. 1967. 
P a r t  I V :  "Field and Temperature Dependence of E l e c t r o n i c  Transpor t , "  
RCA Review, Vol. 30,  P. 435, September, 1969. 

25. V .  G .  Skobov, "Quantom Theory of Coupled Elec t romagnet ic  Acous t ic  Waves i n  
Metals ,"  Sov ie t  Physics-Solid S t a t e ,  Vol. 6 ,  No. 9 ,  March, 1963, 

26. A .  A .  Gr inberg ,  "Acousto-Magnetoelectric E f f e c t  i n   semiconductor^,'^ Sovie t  
Physics-Sol id S t a t e ,  Vol. 6 ,  No. 7 ,  January , 1965. 

27. V. L. Gurevich and B. D .  Is lkhtman,  "On t h e  E x c i t a t i o n  of Standing Sound 
Waves i n  P i e z o e l e c t r i c  C r y s t a l s , "  Sovie t  Physics-Sol id S t a t e ,  Vol. 6, March, 
1965. 

28. A.  I .  Morozov, I. B .  Kobyakov and I.  I .  ' ~ i s i l ,  "Acous toe lec t r ic  I n t e r a c t i o n  
i n  Hexagone Zn S,"  Sovie t  Physics-Sol id S t a t e ,  Vol. 8 ,  No. 3 ,  September, 1966. 


